One of the major challenges of unconventional shale reservoirs is to understand the effects of organic richness (total organic carbon, TOC), mineralogy, microcracks, pore shape, and effective stress on elastic properties. The generation of petrophysical parameters, such as TOC, and quantification of total and organic porosities through a physically consistent petrophysical model are described. Rock-matrix density, which is a key parameter in determining total porosity, is estimated as a function of the amount of TOC and its level of maturity. Then the petrophysical parameters are used as inputs for rock-physics modeling to constrain the beddingnormal compressional-wave velocity as a function of various parameters (e.g., TOC, porosity, mineralogy, pore shapes, and microcrack density) in combination with effective stress. Modeling results on three shale plays from North America show that compressional-wave velocity in these specific formations is controlled mainly by variations in TOC, mineralogy, and pore shape. Shear-wave velocity in organic shales also was refined as a function of compressional-wave velocity and amount of TOC.
Introduction
Successful development of shale plays depends on a synergy of integration that spans a wide range of disciplines. An integrated workflow for organic-rich shale reservoirs involves calibration of core and well-log data, building petrophysical and rock-physics models, and finally characterizing the key reservoir parameters (TOC, porosity, and natural fractures) and mechanical properties necessary for a "frackability" evaluation from seismic data (Vernik and Milovac, 2011; Slatt et al., 2012) . Seismic and petrophysical properties of organic-rich shale reservoirs and the relationships among those properties are important for exploration and reservoir management.
The main objective of this article is the application and verification of the published petrophysical and rock-physics models (Alfred and Vernik, 2012; Khadeeva and Vernik, 2014) to constrain the seismic rock-property logs in organic mudstones. Quality checks on input data are often the first and most important step toward an integrated shale reservoir-characterization workflow. It is also of interest to compare physical properties of different unconventional shale reservoirs and feasibility of their determination from seismic data.
The data set includes one vertical well each from the Barnett and Marcellus (both U.S.A.) and Eagle Ford (Mexico) shale plays. Each well has a standard set of wireline measurements, including gamma-ray (GR), deep resistivity, density, and sonic. Barnett and Marcellus wells have geochemical core data such on TOC and vitrinite reflectance (R o ), which is a well-accepted thermal maturity indicator. The shales 1 and Lev Vernik   2 sampled have different mineral composition, TOC, and effective stress. However, all three data sets are characterized by about the same thermal maturity based on R o ranging from 1.3% to 1.6%, which places the organic mudstones studied in the wet-gas window. Published standard and seismic-petrophysics models help to quality-check and constrain the log data by selecting the relevant set of input parameters, some of which can be derived only from core measurements. TOC is measured in weight percent, and kerogen, K, is in volume fractions. Respectively, the methodology used in this article is as follows:
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• petrophysical analysis to determine key reservoir parameters, such as TOC and total porosity, and to estimate organic porosity • rock-physics modeling to constrain V P as a function of mineralogy, TOC, porosity, pore shape, crack density, and effective stress • prediction of V S as a function of V P and TOC
TOC and porosity estimation through a physically consistent model
One of the key challenges of organic-rich shale reservoirs is the determination of total porosity and its variation in the logged interval. Detailed microstructural studies (e.g., Loucks et al., 2012) show that two types of pore systems exist in unconventional shale reservoirs: (1) organic porosity and (2) inorganic porosity.
Hydrocarbons produced during transformation of kerogen are stored in porous organic matter, and the process is likely to be accompanied by significant overpressure generation and subhorizontal microcrack development, at least during the early stages of thermal maturation (e.g., Vernik and Nur, 1992) . The evolution of organic porosity is a function of thermal maturity, and because of the hydrophobic nature (oil wet) of mature kerogen, this organic porosity is occupied by hydrocarbons. Water predominantly resides in the nonorganic phase of the rock (Alfred and Vernik, 2012) . Therefore, understanding the porosity evolution in organic-rich shales is the key to an integrated workflow for unconventional shales. Clearly, porosity-log calculations using the conventional approach might be subject to errors because of the variable mineralogy and TOC and should be adjusted accordingly. Alfred and Vernik (2012) propose a physically consistent petrophysical model that subdivides organic shale into organic and inorganic domains with their associated porosities. One of the main advantages of this model is that it is useful in constraining the organic porosity created by the thermal maturation process. The petrophysical model predicts bulk density and total porosity as a function of mineralogy, TOC, and organic porosity. It is instructive to apply it to our shale data set, which is, as mentioned above, characterized by about the same level of thermal maturity. The TOC log in this model is computed based on the Passey et al. (1990) technique. Figure 1 shows well logs with predicted TOC log for a Marcellus Shale well. Core TOC measurements are shown as red balls in the same track with the predicted TOC log. We find a good correlation between predicted TOC log and core TOC measurements.
The total porosity of the system, based on the density log, is given by
where φ is total porosity, ρ m is matrix density, ρ b is bulk density from log measurement, and ρ f is fluid density. The matrix density in equation 1 is expressed as (Alfred and Vernik, 2012 )
where C k is the carbon content in kerogen, ρ nk is solid density on a kerogen-free basis, and ρ k is solid kerogen density. The more thermally mature the shale is, the more kerogen converts to hydrocarbons, resulting in the increase of both carbon concentration and kerogen density. Table 1 gives input parameters for the petrophysical model based on available core data. We used the same set of input parameters for both Barnett and Marcellus shales. A different set of parameters (notably, the "nonkerogen" phase porosity, φ nk , as well as ρ k , C k , and ρ f ) is used for Eagle Ford Shale. Figure 2 shows the petrophysical parameters (bulk density, TOC, and total porosity) estimated for three shale plays. The model lines for organic porosity (φ k from 0 to 0.5), shown as a template, are computed from the input parameters for Barnett and Eagle Ford shales (Table 1) . Even though the Eagle Ford cloud is added on the plots, a slightly different template will have to be computed to match the carbonate-rich mudstones of this formation. Figure 2a illustrates the relation between bulk density and TOC logs, with organic porosity as a third variable. The lines of constant organic porosity can be deemed as maturity indicators at least up to the onset of the dry-gas window. Figure 2b similarly shows the relation between total porosity and TOC, with the organic porosity template applicable to Barnett and Marcellus only.
Both plots indicate that secondary (organic) porosity is generated in these shales as a function of thermal maturity, almost doubling the prematuration, inorganic porosity of 3% to 4%. It cannot be ruled out that at later maturation stages with high temperature and effective stress, the potential for further organic porosity generation might be weakened. At the same time, the potential for organic pore collapse is increased, which might result in organic porosity reduction.
Rock-physics model
Comprehensive rock-physics models are quite useful in constraining seismic rock-property logs and predicting them from other log and seismic data. Reservoir properties such as mineralogy, porosity, and TOC, as well as subhorizontal microcrack density and stress state, can significantly affect the bedding-normal sound-wave velocities in organic shale reservoirs. Over the last two decades, more insight has been gained on the impact of solid organic matter on elastic properties (e.g., Vernik and Nur, 1992) as well as the effects of clay platelet orientation and pore geometry (e.g., Hornby et al., 1994) . Khadeeva and Vernik (2014) propose a more comprehensive petroelastic model to estimate P-and S-wave velocities as a function of solid matrix moduli, porosity, pore-shape factor, crack density, and effective stress. The model adapts the Vernik and Kachanov (2010) approach to the beddingnormal elastic stiffness of organic shale reservoirs and can be reduced to the noninteraction approximation (NIA) to predict partially dry stiffnesses.
The compressional-wave stiffness in normal to bedding direction for a VTI medium, such as the vast majority of organic shales, in this approach is given by Figure 1 . Well-log template for Marcellus Shale well. Predicted TOC log with core data (red dots) is shown in the middle track. The V P -versus-resistivity separation is shaded and used in TOC log computation. 
where C 33m is the bedding-normal solid-matrix compressionalwave stiffness, p is the mean pore-shape factor of the inorganic phase, η o is the crack density at zero stress, c 1 is a function of the isotropic-equivalent Poisson's ratio of the matrix, σ is the vertical effective stress, and d is the parameter determining the shape of the stress-sensitivity curve.
One of the advantages of using this model over other inclusion type models (e.g., differential effective-medium [DEM] or self-consistent approximation [SCA] ) is that it allows us to incorporate empirically calibrated pore-shape and crack-density parameters instead of misrepresenting the entire pore space as numerous ellipsoidal inclusions (Vernik and Kachanov, 2012; Khadeeva and Vernik, 2014) .
The solid matrix of organic shales also comprises organic (kerogen) and inorganic phases. In agreement with a mostly lenticular microlayer distribution of kerogen (Vernik and Nur, 1992) , we used Reuss averaging to determine C 33m , which is also consistent with the Backus (1962) formula for bedding-normal stiffness. The main compositional variable in the model is the kerogen volume fraction, K.
Hill's averaging scheme was used for the nonkerogen phasestiffness computation. An empirical kerogen-to-TOC conversion K = 0.026TOC was used. Finally, the bedding-normal compressional-wave velocity, V P , is derived as
The following input parameters were selected for model realizations: φ nk = 0.03, c 1 = 5.7, η o = 0.05, d = 0.06, σ = 23 MPa, ρ k = 1.40 g/cm 3 , ρ nk = 2.77 g/cm 3 , ρ f = 0.62 g/cm 3 , C 33k = 9.5 GPa, and C 33clay = 33.4 GPa. For quartz and calcite, because of their random orientation in shales, the average P-wave moduli of 96.0 GPa and 109.0 GPa were used. We find that the pore-shape factors necessary to calibrate the model are proportional to clay content, which might require further investigation as to why this is the case. Table 2 gives mineral composition and pore-shape factor inputs for the model realizations.
The mineral composition of Barnett and Marcellus formations is rather consistent and dominated by siliciclastics, whereas that of Eagle Ford is dominated by carbonates. At the well locations, the TOC varies vertically from 2% to 4% in Eagle Ford, 3% to 7% in Barnett, and 5% to 14% in Marcellus. The effective stresses for Barnett, Marcellus, and Eagle Ford are 13MPa, 23MPa, and 27MPa, respectively. Figure 3 shows the relationship between V P and TOC for three shales with superposed model realizations.
Extensive calibration of the initial (stress-free) horizontal microcrack density parameter, η o , shows that its values are much smaller than those reported for the Bakken Shale by Vernik and Milovac (2011) . This might be consistent with the observation of no significant overpressure in either of the shales studied here, accompanied by a possible collapse of microcracks. Because of the small initial crack density, the stress sensitivity of the shales encountered in the three wells studied is determined to be quite low.
On the other hand, besides TOC, major variables affecting bedding-normal P-wave velocity in our realizations of the Vernik-Kachanov model are clay content and pore-shape factors ( Table 2 ). The velocity decreases as TOC, V clay , and p increase under the same effective stress σ = 23 MPa, and the model realizations provide excellent constraints for the sonic data from the three organic shale reservoirs sampled. Indeed, the sonic-log velocity acquired in Barnett and Eagle Ford wells fits between the model lines with V clay = 0 and 0.3, whereas the Marcellus Shale shows more dramatic variation in clay content, from a few percent to 50%, also consistent with core analyses.
V S prediction
Shear-wave velocity prediction is important for both amplitude variation with offset (AVO) calibration and prestack inversion of unconventional shale reservoirs; in addition, it is critical in geomechanical model building and horizontal stress estimates. Therefore, it is useful to accurately predict V S from other log data. The general approach for estimating shear-wave velocity in conventional reservoir rocks and seals (e.g., Greenberg and Castagna, 1992; Vernik and Kachanov, 2010 ) is hardly capable of meaningful V S prediction in organic shales because it does not incorporate kerogen volume as an input variable. Hu et al. (2015) suggest that in the Eagle Ford Shale, shearwave velocity logs can be empirically computed based on the separation between the loci of organic-rich marls and nonorganic encasing shales and carbonates in the V P /V S and acoustic versus shear-impedance spaces. Khadeeva and Vernik (2014) show that hydrocarbon fluid effect is secondary to kerogen content in determining the position of organic shales in AI-SI space.
Following this approach, we crossplot V P versus V S for the three shale wells, focusing on the unconventional shale intervals in them (Figure 4) . We find that it is not feasible to use the same linear V P /V S model for different unconventional formations, even though the encasing rock lithology appears similar. Moreover, it is equally unfeasible to use the same reference TOC values for shales with greatly varying organic richness from one shale formation to another. Consequently, each shale formation should be analyzed separately in velocity space, and the fit-to-purpose end-member linear trends must be established for each formation (Table 3) . Figure 4 shows the trend lines for Marcellus Shale. The black line is for the very low TOC typical of encasing rocks; this line is assumed to correspond to TOC = 0. The red line is for reference TOC, which is 9% for Marcellus and 7% for Eagle Ford and Barnett. The shear velocity can be estimated as a function of V P and TOC by the following expression:
where the TOC log is normalized over the TOC ref (the reference TOC value selected for each shale based on its median value); b is the slope of the two parallel end-member trend lines; and Table 3 lists those input parameters derived separately for each well and formation. Figure 5 shows the crossplot between actual and predicted V S logs. In Figure 6 , the predicted V S logs are overlain on the measured V S along with V P and TOC. We observe a good correlation between the actual and predicted shear-wave logs for the three shale plays. This simple technique can be applied for quality-checking the reported logs as well as for predictions in wells where no expensive shear log was acquired.
Conclusions
We used a physically consistent petrophysical model to compute TOC and total porosity logs for three major unconventional organic shale reservoirs from North America. The petrophysical model decouples the organic porosity, which depends on the level of maturity and kerogen transformation, from the organic porosity that the shale was compacted to prior to reaching the oil window. One of the key advantages of this model is the determination of the matrix density as a function of TOC and its level of kerogen maturity. Respectively, different input parameters for the three shales studied were used, based on their mineral composition and maturity. The computed TOC versus density-log crossplot is an important step in porosity quantification and kerogen porosity constraining.
We refined and used a deterministic rock-physics model and constrained the compressional-wave velocity as a function of TOC, clay content, and pore-shape factors that turn out to be proportional to V clay . Other variables that were shown to be important for elastic properties for organic shales elsewhere, such as crack density and effective stress, are not found to be critical for shale formations in the three wells studied. Low zero-stress horizontal microcrack density estimated for unconventional shales, such as Barnett and Marcellus, implies their relatively low stress sensitivity, which is likely to be consistent with their quasi-normal pore pressure observed in the field.
Shear-wave velocity prediction is one of the major challenges for organic-rich shale reservoirs. Conventional V S prediction methods are not designed for organic shales and result in significant errors when adopted. Following a method introduced for Eagle Ford, we demonstrate its applicability to other wells and the formation, provided that the input parameters are derived separately for each case in V P /V S domain. Good correlation is observed between actual V S logs and predicted ones for the three organic shale plays. 
